Introduction {#s01}
============

Generation of protective antibodies is crucial for clearance of harmful pathogens and for establishment of long-lasting immunological memory ([@bib41]; [@bib8]). In response to vaccination or invading microbes, antigen-specific B cells within secondary lymphoid organs differentiate into antibody-producing cells or early memory cells or rapidly proliferate and form structures known as germinal centers (GCs; [@bib2]). The main purpose of the GC response is to produce long-lived plasma cells (PCs) that secrete high-affinity antibodies, and memory cells that can readily elicit an efficient antibody immune response upon re-exposure to the immune stimuli ([@bib5]; [@bib45]). GCs are divided anatomically into two distinct functional zones based on the B cell density, as well as the presence of zone-specific cellular assemblies ([@bib21]; [@bib13]). In the dark zone (DZ), B cells rapidly proliferate and insert mutations into their Ig variable regions followed by migration to the GC light zone (LZ), where they interact with antigen and compete for T cell help ([@bib2]; [@bib42]). Iterative cycles of B cells between the GC zones lead to accumulation of affinity-enhancing mutations and ultimately to progressive increase in serum antibody affinity, a process known as antibody affinity maturation ([@bib9]; [@bib14]).

During the GC reaction, rare B cell subsets express surface markers that identify pre-memory cells as well as transcription factors that promote the generation of pre-PCs such as Irf4 and Blimp-1 ([@bib17]; [@bib20]; [@bib36]; [@bib44]). PC-related markers are widely used to detect PCs positioned outside the GC structure by imaging techniques, and lineage-specific markers on non-GC class switched B cell subsets are used to detect memory cells by flow cytometry techniques ([@bib24]; [@bib12]; [@bib23]; [@bib17]; [@bib51]). It was shown that PCs are found in the proximity of the GC DZ, and Blimp-1^+^ or CD138^+^ cells were demonstrated to traverse through the T zone to the LN medullary cords at early stages of the B cell response ([@bib12]; [@bib23]; [@bib51]). However, the position and the path taken by GC-derived PCs at later stages of the response are less clear. In addition, it was demonstrated that few memory B cells are positioned next to contracting GCs and next to the subcapsular sinus, where they can rapidly respond to antigen upon re-exposure ([@bib1]; [@bib36]; [@bib25]). Nonetheless, since these cells have no clear markers for imaging analysis during the GC reaction, detecting post-GC cells remains a challenge. Furthermore, cells that are not fully differentiated and do not express typical memory and PC markers are expected to emerge during the GC reaction ([@bib16]; [@bib44]).

Most of the data that examined the location of activated B cells in LNs and spleen were generated by traditional two-dimensional cross sections or by in situ intravital imaging that provided critical information about the GC structures and positioning of single cells. However, these techniques visualize a limited number of immunological niches and do not capture the entire GC structure ([@bib47]). Furthermore, visualization of the entire niche structure in combination with rare individual cells in the context of an intact organ is nearly impossible by using these methods. Thus, in order to obtain a complete map of the B cell response, including all of the GC structures as well as the position of single cells, a novel large-scale imaging technique is required ([@bib4]).

Although T cells select B cells for clonal expansion and PC formation in the GC, how B cell receptor (BCR) affinity regulates positioning of individual B cells in different microanatomical sites is unclear. Here, we used a whole-organ imaging and pulse-chase approaches for mapping the position of single B cells in the context of an intact organ throughout the GC reaction. We found that BCR affinity regulates B cell entry into, and dissemination within, the LN cortex during the GC response.

Results {#s02}
=======

Whole-organ imaging captures all the GC structures and single activated B cells in intact LNs {#s03}
---------------------------------------------------------------------------------------------

To examine and compare variations among all GC structures over time in the context of an intact LN during a polyclonal immune response, we combined fate reporter mice with a whole-organ imaging approach using light-sheet fluorescence microscopy (LSFM; [@bib4]). The enzyme activation-induced cytidine deaminase (AID) is expressed in early-responding B cells before GC coalescence and during the GC reaction ([@bib6]; [@bib31]). To determine whether a cell is located within the GC, most studies use typical memory and PC markers that define the cell identity. To examine all the responding B cells, including cells that are not part of the GC response, we used a technique that allows detection of cell position in intact LNs, independently of specific lineage markers. For this purpose, we used a fate reporter mouse model in which B cells express the tdTomato fluorescent protein, induced during and after expression of AID (AID^Cre/+^.Rosa26^lox-stop-lox-tdTomato/+^, referred to as AID.Cre.tdTomato; [@bib15]; [@bib40]). AID.Cre.tdTomato mice were immunized by injection of OVA coupled to the hapten 4-hydroxy-3-nitrophenylacetyl (NP-OVA) precipitated in alum into the hind footpads. Popliteal LNs were dissected at different time points, fixed, and subjected to clarity protocols followed by LSFM imaging (Fig. S1). To visually distinguish between very bright GC structures and dimmer individual cells, we used an artificial volumetric and intensity-based color-encoded image presentation that allows clear visualization of less bright single cells ([Fig. 1 A](#fig1){ref-type="fig"} and Materials and methods). Whereas no tdTomato^+^ B cells and no GCs were detected in unimmunized mice, starting 3 d after immunization, single tdTomato^+^ B cells and small clusters of cells were detected throughout the LN cortex ([Fig. 1, A--D](#fig1){ref-type="fig"}). At the peak of the GC response, 12--14 d after initial immunization, 10--16 individual GCs were observed within single popliteal LNs ([Fig. 1, A and B](#fig1){ref-type="fig"}; and Video 1). Similar results were observed in mice challenged with a more complex antigen than a hapten (chicken gamma globulin) or infected with vesicular stomatitis virus (VSV; Fig. S2 A). Immunohistochemical analysis of tdTomato^+^ clusters confirmed that these were typical GCs with B cells that express the GC marker GL-7 (Fig. S2 B). Quantification of the number of GCs in 28 intact LNs over time revealed small changes in GC number between days 7 and 20 after initial immunization, followed by a 1.5-fold decline on day 28 ([Fig. 1, A and B](#fig1){ref-type="fig"}). The volume of single GCs was highly heterogeneous, with some GCs that were less than 0.2 × 10^7^ μm^3^ in size, and some as large as 1.5 × 10^7^ μm^3^ at the peak of the response ([Fig. 1 C](#fig1){ref-type="fig"}). The maximal average size of the GCs was at days 12--14 after immunization, followed by 4.15-fold reduction after an additional 14--16 d ([Fig. 1 C](#fig1){ref-type="fig"}). Integration of the GC number (11.6 on days 12--14 and 8 on day 28) and GC volume (0.43 × 10^7^ μm^3^ on days 12--14 and 0.10^7^ μm^3^ on day 28) parameters showed that the number of total GC cells per LN was reduced 6.2-fold between the peak of the response and day 28 ([Fig. 1, B and C](#fig1){ref-type="fig"}). Thus, whereas the GC number per LN is relatively stable, the size of the GCs within intact LNs is highly variable and declines over time.

![**Time-course analysis of all the GC structures and position of single B cells in intact LNs. (A)** Mice were immunized with NP-OVA, and popliteal LNs were dissected at different time points and imaged by LSFM. Representative 3D-rendered images in volumetric and rainbow visualization modes are shown. Scale bar, 200 μm. **(B--D)** Quantification of GC number per LN (B), GC volume (C), and number of single cells per LN (D). **(E)** The number of total single cells per LN normalized to the total GC volume at different time points. Data for A--E were pooled from 3--7 independent experiments with a total of 4--23 LNs from 3--16 mice per group. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.0001; ns, not significant; one-way ANOVA with Tukey's multiple comparisons test. **(F)** AID.Cre.tdTomato mice received GFP^+^ T cells and CFP^+^ B cells 12--14 d after immunization with NP-OVA. Representative 3D-rendered images of an LN and a single GC are shown. Scale bars, 200 μm (top panel); 100 μm (bottom panel). **(G)** Quantification of the number of individual tdTomato^+^ B cells in the T zone and in B cell follicles in single LNs after GC exclusion. Each pair of colored dots represents a single LN. \*\*, P \< 0.01; Wilcoxon matched-pairs signed rank two-tailed test. **(H)** The ratio of the number of individual tdTomato^+^ B cells in the B zone versus the T zone in individual LNs. Representative images and data for F--H were pooled from three independent experiments using a total of 10 LNs from eight mice. Unim., unimmunized.](JEM_20190789_Fig1){#fig1}

The LSFM technique allowed us to visualize and quantify the absolute number of single cells within the LN, located outside the GC structures. This cell population consists of B cells that originate from the GC, as well as B cells that expressed AID but never took part in the GC reaction. Quantification of single tdTomato^+^ cells in individual LNs over time revealed ∼5,200 B cells on average in the LN follicles on day 3 after immunization, and this number was increased to 9,451 cells, on average, 4 d later ([Fig. 1 D](#fig1){ref-type="fig"}). The maximal number of tdTomato^+^ single cells outside the GC structures was detected 12--14 d after initial immunization, with a 2.5-fold increase in total cell number compared with day 7 (23,737 single cells, on average on days 12--14; [Fig. 1 D](#fig1){ref-type="fig"}). Notably, on days 12--14, the GC was at its maximal size as well, and fewer single cells were observed on day 20 when the GC size was reduced ([Fig. 1, C and D](#fig1){ref-type="fig"}). By 4 wk after the immunization, the number of single cells within the LN was dramatically reduced, as the GC response was diminished ([Fig. 1, A--D](#fig1){ref-type="fig"}). Remarkably, reduction in single cell number outside the GC structures over time was roughly similar to the change observed in GC size (threefold and 2.5-fold reduction in single cell number and GC size between days 12--14 to day 20, respectively). Normalization of the number of single cells to the total GC volume at different time points at which clear GC structures were detected revealed that this ratio did not significantly change over time ([Fig. 1 E](#fig1){ref-type="fig"}). Thus, during the immune response progression, both the GC size and the number of single cells throughout the LNs are reduced, suggesting that the magnitude of the GC response affects the pool of cells located outside the GC structures.

Single B cells that previously expressed AID are primarily positioned within the LN cortex during the GC reaction {#s04}
-----------------------------------------------------------------------------------------------------------------

To determine more precisely the position of single B cells that previously expressed AID in different microanatomical sites, we introduced landmarks into AID.Cre.tdTomato reporter mice, by labeling either the B cell follicles in the LN cortex or the T zone in the LN paracortex. To this end, naive CFP^+^ B cells and GFP^+^ T cells were co-transferred into immunized AID.Cre.tdTomato mice before LN dissection and imaging by LSFM. Whole-organ imaging revealed that tdTomato^+^ clusters of GC B cells were clearly found in the LN cortex, and some GCs were observed to come in contact with the T zone in the paracortex ([Fig. 1 F](#fig1){ref-type="fig"}). Furthermore, most of the tdTomato^+^ single cells were detected throughout the cortex area, very close to the GC structures, whereas significantly fewer B cells were detected in the T zone ([Fig. 1 F](#fig1){ref-type="fig"}). This observation was not a result of inefficient detection of the fluorescent signal in the mid-LN area, as GFP^+^ T cells were clearly visualized in the T zone, and analysis of half an LN in which the paracortex is located close to the microscope lens showed a similar cellular distribution pattern (Fig. S3 and Video 2). For quantification of single tdTomato^+^ cells within each zone, an area of interest was generated based on the landmarks that were introduced into the mice, and the exact number of single tdTomato^+^ cells was enumerated within each area in multiple LNs. This analysis revealed that most of the single tdTomato^+^ B cells were located in the LN cortex, and 22-fold fewer tdTomato^+^ B cells were found in the LN paracortex area at days 12--14, during the peak of the GC reaction ([Fig. 1, G and H](#fig1){ref-type="fig"}). Thus, we conclude that the majority of the individual B cells that previously expressed AID accumulate in the LN cortex rather than in the T zone.

GC-derived B cells accumulate in the LN cortex {#s05}
----------------------------------------------

Our initial findings demonstrated a correlation between GC size and the number of total individual B cells detected in intact LNs throughout the B cell response, suggesting a link between the number of single cells and the magnitude of the GC reaction. However, AID is expressed by antigen-specific B cells before GCs are formed ([Fig. 1 A](#fig1){ref-type="fig"}), and these have the potential to contribute to the pool of single cells in the LN cortex ([@bib38]; [@bib48]). Therefore, it was impossible to distinguish between B cells that previously expressed AID and entered the follicles at early time points after immunization and B cells that accumulated in the LN cortex during the peak of the response when AID is expressed primarily by GC B cells. To address this problem, we used a "pulse-chase" strategy wherein AID-expressing B cells were labeled late during the B cell response after GC coalescence, at a time point when AID-expressing cells are expected to reside exclusively in the GC site. First, we verified this assumption in our system by comparing AID.Cre.tdTomato fate reporter mice to mice that express GFP fused to AID (AID.GFP), wherein GFP-positive cells represent B cells expressing AID at the specific time point of the analysis. Whole-organ imaging of LN derived from AID.GFP reporter mice revealed that on day 12 after immunization, GFP^+^ B cells were detected in GC clusters, and nearly no GFP^+^ single cells were found outside the GCs ([Fig. 2, A--C](#fig2){ref-type="fig"}). For tracking B cells that express AID late during the GC response, we used an additional AID reporter mouse strain, in which AID-expressing cells may be induced to express tdTomato at the peak of the GC reaction. To this end, we bred Rosa26^lox-stop-lox-tdTomato/+^ to AID.Cre.ERT2 mice to produce mice in which tdTomato is expressed in AID-positive cells only after administration of tamoxifen. Whole-organ imaging by LSFM of intact LNs from immunized AID.Cre.ERT2.tdTomato mice revealed that no GC structures were evident without tamoxifen treatment ([Fig. 2, A and B](#fig2){ref-type="fig"}). To specifically label AID-expressing B cells during the peak of the GC reaction, and not early activated B cells, mice were treated with tamoxifen on day 10 after immunization, and dissected LNs were examined 4 d later by LSFM and flow cytometry. Analysis of cell suspensions derived from LNs of these reporter mice revealed that recombination and tdTomato^+^ expression took place in nearly all the GC cells after treatment with tamoxifen (∼98%), and LSFM imaging revealed that the number of individual GCs in intact LNs was similar among the different AID reporter mice ([Fig. 2, A and B](#fig2){ref-type="fig"}; and Videos 1 and 3). Individual tdTomato^+^ cells were detected within intact LNs of AID.Cre.ERT2.tdTomato mice, primarily within the cortex area; however, their number per LN was threefold lower than observed in AID.Cre.tdTomato mice ([Fig. 2 C](#fig2){ref-type="fig"}). Similarly to the data obtained using AID.Cre.tdTomato mice, in AID.Cre.ERT2.tdTomato mice, most of the single tdTomato^+^ B cells were located in the LN cortex area, and significantly fewer tdTomato^+^ B cells were found in the LN paracortex area at day 14 after immunization ([Fig. 2, D--F](#fig2){ref-type="fig"}). Thus, together with our initial observations, we conclude that the majority of B cells that expressed AID at the peak of the GC response, including GC B cells, accumulate primarily in the LN cortex.

![**The majority of the GC-derived B cells enter the LN cortex. (A)** LSFM 3D-rendered images of LNs removed from AID.Cre.tdTomato, AID-GFP, or AID.Cre.ERT2.tdTomato mice 12--14 d after immunization with NP-OVA. AID.Cre.ERT2.tdTomato mice were treated with either oil control or tamoxifen for 4 d. Scale bar, 200 μm. **(B and C)** GC number per LN (B) and number of individual non-GC cells per LN (C). Representative images and pooled data for A--C from two to five independent experiments with a total of four to eight LNs from four mice per group. \*\*\*, P \< 0.0001; one-way ANOVA with Tukey's multiple comparisons test. **(D)** Tamoxifen-treated AID.Cre.ERT2.tdTomato mice that received GFP^+^ T cells and CFP^+^ B cells 14 d after immunization with NP-OVA. Representative 3D-rendered images of an LN are shown. Scale bar, 200 μm. **(E)** Quantification of the number of individual tdTomato^+^ B cells in the T zone and in B cell follicles in single LNs after GC exclusion. Each pair of colored dots represents a single LN. \*, P \< 0.05; Wilcoxon matched-pairs signed rank two-tailed test. **(F)** The ratio of the number of individual tdTomato^+^ B cells in the B zone versus the T zone in individual LNs. Representative images and data were pooled for D--F from three independent experiments using a total of seven LNs from five mice.](JEM_20190789_Fig2){#fig2}

LN localization of PCs and lineage markers of tdTomato-expressing B cells {#s06}
-------------------------------------------------------------------------

To examine the location of PCs within the LN, mice that express YFP under the PC transcription factor promoter Blimp-1 were immunized with NP-OVA. LSFM imaging revealed Blimp-1 YFP^+^ cells in large clusters in the medullary region of the LN, and individual Blimp-1 YFP^+^ cells were detected throughout the LN cortex ([Fig. 3 A](#fig3){ref-type="fig"}). Quantification of cell numbers in the different microanatomical sites revealed that although many PCs are clustered next to the LN vertical area, most of the individual cells were scattered throughout the LN cortex, and very few cells were detected in the mid part of the LN ([Fig. 3 A](#fig3){ref-type="fig"}). These findings were not affected by ineffective signal detection in the mid part of the LN, since we demonstrated that our technique can detect cells in this area ([Fig. 1 G](#fig1){ref-type="fig"} and [Fig. 2 E](#fig2){ref-type="fig"}). These observations corroborated our findings in AID reporter mice. We conclude that during the peak of the response, PCs are located primarily in the cortex and medullary area of the LN.

![**PC position in LNs and lineage markers of individual non-GC B cells at the peak of the GC response. (A)** LSFM 3D-rendered images of LNs removed from Blimp-1-YFP mice 12 d after immunization with NP-OVA, and quantification of the number of individual Blimp-1 YFP B cells in the cortex or medulla in single LNs after GC exclusion. Each pair of colored dots represents a single LN. P = 0.06; Wilcoxon matched-pairs signed rank two-tailed test. Scale bar, 200 μm. **(B)** Representative flow cytometric plots and quantification of PCs (CD138^+^) in AID.Cre.tdTomato (left; Cre) or AID.Cre.ERT2.tdTomato (right; Cre.ERT) mice 14 d after immunization with NP-OVA, within the tdTomato^+^ B cell population. ns, not significant; two-tailed Student\'s *t* test. **(C)** Representative flow cytometric plots and quantification of FAS^Hi^ CD38^−^ (GC cells), FAS^Hi^ CD38^+^, and FAS^Lo^ CD38^+^ (non-GC cells). **(D and E)** Representative flow cytometry plots and quantification of memory cells (PD-L2^+^ CD80^+^) in tdTomato^+^ cells 14 d after immunization with NP-OVA, within the FAS^Hi^ CD38^+^ and FAS^Lo^ CD38^+^ B cell population. Data pooled for B--E from two independent experiments with a total of four to six mice per group. Data are represented as means ± SEM. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.0001; one-way ANOVA with Tukey's multiple comparisons test.](JEM_20190789_Fig3){#fig3}

To compare flow-based techniques and the imaging approach of the non-GC cell population in the LNs, we examined the expression of typical PC and memory markers of immunized AID.Cre.tdTomato (total cells that previously expressed AID) and AID.Cre.ERT2.tdTomato mice that received tamoxifen on day 10 of the response (cells that recently expressed AID). Flow cytometric analysis revealed that in both mouse models, very few tdTomato^+^ B cells expressed CD138 (\<2%; [Fig. 3 B](#fig3){ref-type="fig"}), demonstrating that a minor fraction of the tdTomato^+^ B cells observed in LNs by whole-organ imaging are mature PCs. Although the imaging and flow cytometric data cannot be directly compared, the high number of Blimp-1 YFP^+^ PCs in the LN cortex, and the small fraction detected by flow cytometry, may indicate that not all non-GC cells are recovered using the latter technique.

Flow cytometric analysis of tdTomato^+^ B cells revealed two subpopulations that expressed CD38, a marker that is down-regulated in GC B cells ([@bib27]; [@bib30]), and expressed either high or low levels of the activation marker FAS ([Fig. 3 C](#fig3){ref-type="fig"}). Similarly, flow cytometric analysis of cells derived from immunized AID.Cre.ERT2.tdTomato mice that were treated with tamoxifen revealed FAS^Hi^ and FAS^Lo^ B cell populations among the non-GC B cells ([Fig. 3 C](#fig3){ref-type="fig"}); however, the frequency of the tdTomato^+^CD38^+^ FAS^Lo^ subpopulation was threefold smaller compared with AID.Cre.tdTomato mice. Similar analysis at early stages of the response revealed cells expressing tdTomato on day 3 after immunization that also expressed CD38 and low levels of FAS before GC formation (Fig. S4). Collectively, these results indicate that the recently AID-expressing cells that include post-GC cells are enriched in the FAS^Hi^ subset.

To further examine the identity of both the FAS^Hi^ and FAS^Lo^ CD38^+^ tdTomato^+^ B cells, we stained the cells for the typical memory cell markers PD-L2 and CD80 ([@bib52]). We found that in AID.Cre.tdTomato mice, ∼18% of the tdTomato^+^ cells in both populations showed the typical memory cell phenotype, demonstrating that differentiation into memory cells is not specific for any one of these subpopulations. Similarly, analysis of cells derived from AID.Cre.ERT2.tdTomato mice revealed that 19% of the FAS^Hi^ cells expressed PD-L2 and CD80, whereas only 9% of the FAS^Lo^ cell population expressed these markers ([Fig. 3, D and E](#fig3){ref-type="fig"}). Collectively, these findings indicate that the majority of B cells that previously expressed AID early and late during the response do not show typical memory or PC indicators and may represent cells that are still part of the GC or post-GC cells that did not fully differentiate into PC or memory cells.

LZ B cells dynamically migrate within the GC outskirts, whereas the DZ boundary is a highly confined area {#s07}
---------------------------------------------------------------------------------------------------------

Our results, obtained by visualization of fixed LNs, revealed that most of the single B cells reside in the LN cortex, and very few cells are detected in the paracortex. Accordingly, examination of intact LNs and individual GC structures revealed that single cells are primarily found next to the area of the GCs that faces the LN cortex or the LN capsule, in an area known as the follicular mantle, and very few single B cells were detected in the area that faces the paracortex area ([Fig. 4, A and B](#fig4){ref-type="fig"}; and Video 4). This single-cell distribution pattern that surrounds the GC structures was observed throughout the immune response, at both early and late time points ([Fig. 4 B](#fig4){ref-type="fig"}). Similar analysis of individual GC structures in AID.Cre.ERT2.tdTomato mice that were treated with tamoxifen revealed that cells that express AID later during the response are enriched in the area of the follicular mantle that faces the outer edge of the LN ([Fig. 4 B](#fig4){ref-type="fig"}). Close analysis of individual GC surfaces at different time points revealed that the area of the GC that faces the outer part of the LN is very rough, whereas the side that faces the paracortex is smooth ([Fig. 4 B](#fig4){ref-type="fig"}, right panels; and Video 4). The LZ of the GC is enriched with a follicular dendritic cell network that faces the LN capsule ([@bib21]; [@bib13]). By labeling the LZ with a fluorescent antigen (NP-tdTomato), we detected many single cells in proximity to the LZ and very few cells next to the DZ ([Fig. 4 C](#fig4){ref-type="fig"}).

![**LZ B cells migrate within the GC outskirts, whereas DZ B cells are highly confined to the GC. (A)** LSFM images of popliteal LNs dissected from AID.Cre.tdTomato mice 12 d after immunization with NP-OVA. Different orientations of the same LN are shown in 3D volumetric and rainbow visualization mode. Representative images from five independent experiments with a total of 21 LNs from 12 mice. Scale bar, 200 μm. **(B)** LSFM 3D-rendered images of single GCs in different perspectives from AID.Cre.tdTomato (Cre) or AID.Cre.ERT2.tdTomato (Cre.ERT) mice that were immunized with NP-OVA. The graph indicates single-cell density across the GC. Magnification of top and bottom GC surfaces are shown in the right panels. Scale bar, 100 μm. Representative images of 70--212 GCs from 10 independent experiments with 4--12 mice per time point. Scale bar, 100 μm. **(C)** LSFM 3D-rendered images of a single GC from an AID.Cre.YFP mouse that was immunized with NP-OVA and 12 d after receiving NP-tdTomato 24 h before LN removal. Representative images of 96 GCs from three independent experiments with a total of four mice. Scale bar, 100 μm. **(D)** Time series showing position of B1-8^hi^ B cells expressing active PA-GFP, at different time points and locations after LZ (top panel) or DZ (bottom panel) photoactivation. The LZ is labeled with NP-tdTomato (red) within GCs of popliteal LNs of immunized live mice that received PA-GFP^+^ B1-8^hi^ B cells before immunization. Representative images of three mice from two independent experiments. Dotted lines depict the photoactivated area, and arrowheads indicate recently departed B cells from the photoactivated region. Scale bar, 100 μm. **(E and F)** Graphs showing numbers and percentages of active PA-GFP^+^ cells over time and position (quantification of cells in all the Z-stacks). Absolute cell number outside the GC over time (F) or the fraction of active PA-GFP^+^ cells out of the total photoactivated cells at time 0, found outside the GC (E). Analyzed data of three mice per group from two independent experiments. \*\*, P \< 0.01; \*\*\*, P \< 0.0001; two-tailed Student\'s *t* test. a.u., arbitrary units.](JEM_20190789_Fig4){#fig4}

Our observations suggest that the rough area of the GC is a site of actively migrating cells, whereas the smooth surface area represents a more confined zone. To address this possibility, we used a different type of pulse-chase experiment in living mice, by labeling cells in a specific zone of the GC followed by tracking the location of these cells after several hours. To this end, we crossed mice expressing a photoactivatable GFP (PA-GFP) transgene to mice that carry the B1-8^hi^ heavy chain allele. B1-8^hi^ B cells carry a knock-in Ig heavy chain that, when combined with an Igλ light chain, produces a BCR specific for NP ([@bib33]; [@bib42]). For clear visualization of the different GC zones by two-photon laser scanning microscopy, we used the prime-boost model wherein PA-GFP^+^ B1-8^hi^ B cells were transferred to OVA-primed host mice before boosting with NP-OVA. To detect the GC LZ in vivo, we injected a fluorescent antigen (NP-tdTomato) that labels follicular dendritic cells ([@bib42]). PA-GFP^+^ B1-8^hi^ B cells were photoactivated in the LZ, and a three-dimensional (3D) volume surrounding the GC structure was imaged at 1-h intervals for 3--4 h ([Fig. 4, D--F](#fig4){ref-type="fig"}). At 1 h following photoactivation, we clearly detected a small number of activated PA-GFP^+^ B1-8^hi^ B cells that had moved out from the LZ and migrated into its outskirts, and after an additional 3--4 h, ∼23% of the total detectable labeled cells were found outside the original photoactivated area. Most of the labeled cells were detected in very close proximity to the LZ boundary within the follicular mantle; however, few cells were clearly detected in close proximity to the LN capsule ([Fig. 4 D](#fig4){ref-type="fig"} and Video 5). Quantification of the increase in absolute cell number and frequency outside the GC over time suggested that the cells depart at a constant rate and accumulate in the LN cortex ([Fig. 4, E and F](#fig4){ref-type="fig"}). These findings demonstrate that B cells within the LZ are actively migrating within its proximal area and few cells constantly depart this area and move long distances within the LN cortex.

To examine the confinement of B cells in the DZ, we labeled by photoactivation the area that is proximal to the GC LZ facing the paracortex and contains autofluorescent macrophages. Two-photon laser scanning microscopy imaging of this area revealed a cluster of B1-8^hi^ B cells in close vicinity to the GC LZ that represents the DZ cells ([Fig. 4 D](#fig4){ref-type="fig"}). Tracking these cells over time revealed very few cells outside the DZ, whereas a significant number of photoactivated cells were found in the GC LZ after 4 h, as previously shown ([@bib42]; [Fig. 4, D--F](#fig4){ref-type="fig"}). We conclude that the LZ is a permissive area through which B cells can dynamically migrate and enter the GC outskirts, whereas the DZ is a highly confined zone.

The number of single B cells in proximity to individual GC structures is highly variable {#s08}
----------------------------------------------------------------------------------------

Using whole-organ imaging analysis allowed us to capture full GC structures for the first time and measure the number of cells in their vicinity. Close examination of individual GCs in a single LN revealed that different GC structures show considerable variation in numbers of cells located in their proximal area ([Fig. 5 A](#fig5){ref-type="fig"}). To roughly assess the number of cells next to individual GCs in a B cell follicle, we counted the number of single cells found in their proximity (Materials and methods). To measure the number of single B cells, relative to the GC size, we normalized the number of cells found outside the GC structures to the GC surface area (defined as the "proximity index"; [Fig. 5, A and B](#fig5){ref-type="fig"}). Quantification of the proximity index per GC in single LNs revealed highly variable numbers of B cells outside the GC structures in individual follicles. Some follicles showed many tdTomato^+^ cells in the proximity of the GC, while others contained very few cells ([Fig. 5 A](#fig5){ref-type="fig"}). Time-course analysis revealed that the average number of cells in the vicinity of individual GCs did not change over time, and GCs with nearly no cells next to them were observed throughout the immune response ([Fig. 5 B](#fig5){ref-type="fig"}). These results indicate that the ability of B cells to enter the GC outskirts is highly heterogeneous among different GC structures throughout the immune response.

![**The number of single B cells located next to individual GC structures is highly variable. (A)** LSFM 3D-rendered images of an LN removed from an immunized AID.Cre.tdTomato mouse (top left), and analysis for separate GCs (each GC is depicted in a different color) and individual B cells within 50 μm from each GC (top right). Higher magnification images of two GCs from the same LN, indicated by I and II, demonstrating volumetrics, proximal cells, and surface roughness analysis. Representative images from 5 independent experiments with a total of 21 LNs from 12 mice. Scale bar, 50 μm. **(B)** Quantification of the number of cells detected at a 50-μm distance from the GC, normalized to the GC surface area (proximity index) over time in AID.Cre.tdTomato mice. Data pooled from 3--5 independent experiments with a total of 4--21 LNs from 3--12 mice per group. **(C)** Correlation plots of roughness index (Materials and methods) and proximal index as measured for two representative single LNs. The R^2^ values represent coefficients of determination. **(D)** LSFM 3D-rendered images of an LN removed from an immunized AID.Cre.ERT2.tdTomato mouse as in A that was treated with tamoxifen. Representative images from two independent experiments with eight LNs from four mice. Scale bar, 50 μm. **(E)** Quantification of proximity index as in B for GCs in AID.Cre.tdTomato (Cre) and AID.Cre.ERT2.tdTomato (Cre.ERT) mice 14 d after immunization with NP-OVA. Data pooled from two independent experiments with eight LNs from four mice per group. \*\*\*, P \< 0.0001; two-tailed Student\'s *t* test.](JEM_20190789_Fig5){#fig5}

High-resolution analysis of the entire GC structure surface, including the areas that face the capsule and the paracortex, revealed considerable heterogeneity in the size and shape ([Fig. 1, A and C](#fig1){ref-type="fig"}). To measure GC surface roughness, we performed an analysis in which we excluded single cells from the 3D images and measured the surface curvature of large objects within the image that represent the GCs (roughness index; [Fig. 5, A and C](#fig5){ref-type="fig"}; and Materials and methods). In this analysis, the presence of single cells outside the GC structures did not affect the measurement; however, cells that were connected to the main GC body were considered as part of the GC surface area. We found that the relative surface curvatures were different among individual GCs, as some GCs showed a very smooth surface while others were relatively rough ([Fig. 5, A and C](#fig5){ref-type="fig"}). Furthermore, the roughness index strongly correlated with the number of cells found in proximity to the GC structure ([Fig. 5 C](#fig5){ref-type="fig"}). The presence of different numbers of single cells next to the rough area of the GC may suggest that these observations are related. To gain more insight about these possibilities, we repeated the experiments and examined the number of B cells proximal to the GC sites in AID.Cre.ERT2.tdTomato mice in which recently GC-departed cells are labeled. In analogy to the results obtained by imaging LNs of AID.Cre.tdTomato mice, we found that GCs in AID.Cre.ERT2.tdTomato mice that were treated with tamoxifen exhibited considerable variation in the number of cells positioned next to the GC structures ([Fig. 5, D and E](#fig5){ref-type="fig"}). Collectively, these findings provide an indication that confinement to the GC is variable among different GC structures within the same LN.

B cell dissemination within the LN cortex is regulated by BCR affinity {#s09}
----------------------------------------------------------------------

Competition during the GC reaction is based on relative BCR affinity, and B cells bearing low-affinity Igs form normal GCs only when B cells expressing high-affinity BCRs are absent ([@bib33]; [@bib32]). We examined whether B cells bearing low-affinity Igs enter the LN cortex as efficiently as their higher-affinity counterparts by comparing the presence of single NP-specific B cells expressing high (B1-8^hi^)- versus 40-fold-lower (B1-8^lo^)--affinity BCRs. To avoid competition with endogenous B cells in WT mice, we adoptively transferred B cells from BCR transgenic mice into primed mice that do not produce NP-specific B cells (MD4) followed by boosting with NP-OVA. To study fully developed GCs before the significant affinity increase in the B1-8^lo^ clones that occurs over time, intact LNs were dissected and subjected to LSFM imaging 10 d after the boost. As expected, both transgenic B cell types formed GCs ([Fig. 6 A](#fig6){ref-type="fig"} and Videos 6 and 7), and many B1-8^hi^ single B cells were detected throughout the LN cortex in MD4 host mice. Conversely, in LNs of mice that received B1-8^lo^ B cells, very few single cells were detected in the LN cortex, 3.7-fold fewer than in LNs that host B1-8^hi^ B cells ([Fig. 6, A and B](#fig6){ref-type="fig"}; and Videos 6 and 7). Calculation of single cell/GC volume ratio revealed that the decrease in single B1-8^lo^ cell number was not a result of changes in GC size ([Fig. 6, B--D](#fig6){ref-type="fig"}). By calculating the proximity index, we found that low-affinity GCs show 2.3-fold fewer B cells in their vicinity compared with GCs hosting high-affinity clones ([Fig. 6 E](#fig6){ref-type="fig"}). To examine whether the transgenic B cells gained affinity-increasing mutations during the GC response, we sorted single transferred GC cells and sequenced their *Igh* mRNA. This analysis revealed that only 13% of the B1-8^lo^ cells acquired the W33L mutation ([@bib3]), 16% showed variation of the germline sequence without the W33L mutation, and the majority of the cells retained the loss of function mutations of the B1-8^lo^ *Igh* sequence (Fig. S5). These results indicate that the majority of the transferred B1-8^lo^ B cells indeed expressed BCRs that was lower in affinity compared with the transferred B1-8^hi^ B cells (Fig. S5). Thus, B cells bearing low-affinity BCRs can readily form GCs; however, these cells have a decreased capacity to enter the LN cortex.

![**B cell entry into the LN cortex is regulated by BCR affinity. (A)** Representative LSFM 3D-rendered images of LNs removed from immunized MD4 host mice that were adoptively transferred with DsRed^+^ B1-8^hi^ or DsRed^+^ B1-8^lo^ B cells. Scale bar, 200 μm. **(B--E)** Analysis of number of individual cells per LN (B), GC volume (C), number of non-GC individual cells normalized to the total GC volume (D), and proximity index (E). Representative images and data for A--E were pooled from three independent experiments with a total of 11--13 LNs from  seven to eight mice per group. \*\*, P \< 0.01; \*\*\*, P \< 0.0001; ns, not significant; two-tailed Student\'s *t* test.](JEM_20190789_Fig6){#fig6}

CCR6 is required for effective B cell accumulation in the LN cortex {#s10}
-------------------------------------------------------------------

Positioning of B cells in the LN cortex likely involves changes in expression of G-coupled receptors that sense gradients of chemoattractants. CCR6 is important for formation of an intact memory compartment and effective recall response; however, it does not appear to play a major role in memory cell egress from GCs in the spleen ([@bib46]; [@bib10]; [@bib37]). Although both the spleen and LNs host GCs in response to immune challenge, the spleen lacks the subcapsular sinus wherein CCL20, the ligand for CCR6, is expressed. We used our whole-organ imaging approach to address the role of CCR6 in single B cell accumulation specifically in LNs. To this end, we imaged LNs from immunized AID.Cre.TdTomato CCR6^−/−^ mice by LSFM ([Fig. 7 A](#fig7){ref-type="fig"}). We found 2.9-fold fewer single tdTomato^+^ B cells in the LN cortex of CCR6^−/−^ mice compared with CCR6^+/+^ mice, suggesting that this receptor plays a key role in accumulation of B cells into the LN follicles at day 12 of the response ([Fig. 7 B](#fig7){ref-type="fig"}). Whole-organ imaging revealed that the GC size of CCR6^−/−^ mice was slightly smaller than those in CCR6^+/+^ mice (1.2-fold less; [Fig. 7 C](#fig7){ref-type="fig"}). However, normalization of the number of single B cells to the total GC size revealed a significant reduction in this ratio (2.3-fold) between CCR6^−/−^ and CCR6^+/+^ mice, demonstrating that the presence of fewer single cells in CCR6^−/−^ is not due to difference in the GC size ([Fig. 7 D](#fig7){ref-type="fig"}). Furthermore, analysis of the proximity index revealed 2.87-fold fewer B cells adjacent to the GCs in CCR6^−/−^ mice ([Fig. 7 E](#fig7){ref-type="fig"}). We conclude that CCR6 is required for effective positioning of B cells in the LN cortex during early phases of the response.

![**CCR6 is required for efficient B cell entry into the LN cortex. (A)** Representative LSFM 3D-rendered images of LNs removed from AID.Cre.tdTomato or AID.Cre.tdTomato CCR6^−/−^ mice 12 d after immunization with NP-OVA. Scale bar, 200 μm. **(B--E)** Analysis of the number of individual cells per LN (B), GC volume (C), number of non-GC individual cells normalized to the total GC volume (D), and proximity index (E). Representative images and data for A--E were pooled from three to five independent experiments with a total of 9--18 LNs from five to nine mice per group. \*, P \< 0.05; \*\*\*, P \< 0.0001; two-tailed Student\'s *t* test.](JEM_20190789_Fig7){#fig7}

Discussion {#s11}
==========

Visualization of an immune response in multiple microanatomical locations and niches at the level of a whole organ impose a major challenge. Using a large-scale imaging approach, we decoded the distribution patterns of B cells that previously expressed AID at different time points during the GC response, and obtained a detailed 3D map of their positions. As opposed to early-forming Blimp-1^+^ and Irf4^+^ PCs that transverse the T zone early during the response ([@bib12]; [@bib51]), we show that the major path taken by most of the activated single B cells, including GC B cells at the peak and late stages of the response, is through the LN cortex. GC B cells are highly confined in the DZ, whereas LZ B cells migrate within the GC boundary within the mantle zone. Furthermore, we demonstrate that distinct BCR affinity thresholds regulate GC seeding and dissemination within the LN cortex.

Activated B cells within the LN follicles, including GC-departing cells, must migrate toward the efferent lymphatics in order to exit the LN and home to target tissues through the blood circulation ([@bib24]). Previous studies demonstrated the presence of PCs next to the GC DZ and migration of these cells toward the efferent lymphatic through the T cell zone early during the GC response. In addition, it was demonstrated that rare memory cells are positioned next to the LZ or the subcapsular sinus ([@bib12]; [@bib23]; [@bib36]; [@bib25]; [@bib51]). Our analysis of B cell position around the entire GC structure revealed that most of the single cells were located next to the GC surface in an area that faces the LN capsule and encompasses the LZ, rather than next to the DZ area. The advantage of this type of analysis over traditional imaging approaches is that it allowed us to examine the GC structure in its entirety and compare B cell positions next to different parts of the GC niche in all the GCs in an intact LN. Many studies used CD38 in combination with memory or IgG1 markers to define non-GC memory cells by flow cytometry, and some of these cells might be located next to the GC structure. Furthermore, the FAS^+^ CD38^+^ B cell subset that we detected by flow cytometry may represent an emerging population of cells that are located at the GC outskirts, rather than fully differentiated cells. Further investigation using techniques that combine spatial and transcriptomic analysis with commonly used cell surface markers are required to address this issue ([@bib22]).

LZ B cells were found to move in the GC outskirts and migrate within the GC periphery. These findings suggest that GC departure involves a transitional retention at the GC outskirts, rather than direct movement from the GC into the follicles. This stage may include additional checkpoints that determine whether the cell will return to the GC or leave it. The outskirts of the LZ may contain the rare quiescent GC B cells that were found to down-regulate the GC transcription factor BCL6 and express early differentiation markers ([@bib26]; [@bib17]; [@bib20]; [@bib36]; [@bib44]).

In line with previous findings, using our imaging technique, we found that low-affinity clones seed GCs ([@bib7]; [@bib33]; [@bib32]); however, very few of these cells were able to enter the LN cortex, indicating that this process imposes a higher affinity threshold. It is possible that the increase in the BCR-dependent threshold during the GC reaction is a result of a diminishing amount of antigen throughout the response. In our experimental settings, although we used transgenic B cells, we could not compare how the exit of low-affinity clones changes over time since GC cells acquire affinity-enhancing mutations. Nonetheless, the amount of antigen is in constant decline, suggesting that the disadvantage of the low-affinity clones increases over time. Thus, we suggest that at the beginning of the response, a high level of antigen promotes GC seeding by low- and high-affinity clones, and low levels of antigen during later time points of the response are sufficient to support primarily the departure of B cells bearing high-affinity BCRs. This mechanism can maintain GCs that accommodate low-affinity clones without allowing cellular egress and may provide the low-affinity clones or even B cells that do not show measurable antigen binding with sufficient time to accumulate somatic hypermutations and increase their antibody affinity ([@bib33]; [@bib19]; [@bib39]). Nonetheless, it was demonstrated that the majority of memory cells emerge from the low-affinity clones ([@bib34]; [@bib36]; [@bib45]). A possible explanation for this contradiction is that the B1-8^lo^ B cells may represent a very low-affinity clone that is very inefficient in differentiation into memory cells or PCs. Clones that do not show detectable binding to the antigen were found in GCs ([@bib19]; [@bib39]), and our findings predict that these B cells will not be able to form memory or PC cells and exit the response. Collectively, these observations suggest that a minimal affinity threshold is required for entry of B cells into the follicles that is higher than the threshold of GC seeding.

The finding that GCs are heterogynous in size and in the number of proximal single cells suggests that more confined GC structures are unable to promote an efficient increase in antibody affinity ([@bib39]). By normalizing the number of cells outside the GC structures to the total GC size, we found that the average single cell number in the LN cortex remained stable over time. However, when we compared high- and low-affinity transgenic B cells, we clearly detected an advantage for high-affinity clones in populating the LN cortex. These findings seem to contradict each other and suggest that other factors contribute to B cell accumulation and dissemination within the LNs. Indeed, the B cell reaction is constrained by negative factors that include reduction in antigen availability and increase in antibody concentration over time. These antibodies bind to inhibitory FcγRIIB receptors and block B cell interaction with antigen ([@bib11]; [@bib49]). Thus, our results suggest that although an increase in antibody affinity promotes PC generation ([@bib28]), other limiting factors restrain it, leading to an almost unchanged net presence of single cells in the follicles over time.

Previous studies showed that CCR6 has a very small contribution to GC formation and compartmentalization ([@bib29]) and that CCR6 functions are dispensable for memory cell egress from GCs in the spleen ([@bib10]; [@bib36]). Nonetheless, antibody formation in CCR6-deficient mice is severely reduced ([@bib29]). As opposed to the spleen, LSFM imaging of intact LNs revealed that the vast majority of egressing B cells depend on CCR6 expression for entry into the follicles ([@bib10]; [@bib29]; [@bib36]). The LN is engulfed by the subcapsular sinus, whereas the spleen lacks this lymphatic endothelial vessel. CCL20, the CCR6 ligand, is expressed by lymphatic endothelial cells including the LN subcapsular sinus, suggesting that these cells attract the departing cells from the GC LZ toward the mantle zone ([@bib50]). CCR6 and possibly other chemokine receptors most likely guide GC-departing B cells from the cortex into lymphatic endothelial vessels that are found in close proximity to the B cell follicles ([@bib18]; [@bib50]). Indeed, it was demonstrated that naive B cells take this route as they egress the LN ([@bib35]). Since we did not delete CCR6 specifically in B cells, the role of other CCR6-expressing cells in this process cannot be completely excluded. Nonetheless, in agreement with previous studies, normal GCs were formed in CCR6-deficient mice. Furthermore, CCR6 might be dispensable for entry into the follicles in the case of an immune response elicited by stronger stimuli such as sheep red blood cells, or at later stages of the response ([@bib10]; [@bib36]).

Collectively, here we demonstrate that imaging of intact organs provides a full picture of immune cell positioning and niche variation throughout the immune response. Understanding the cellular dynamics and molecular machineries that control PC and memory cell generation and egress is useful for vaccine design, as well as for intervention under pathological conditions such as in autoimmune diseases.

Materials and methods {#s12}
=====================

Mice {#s13}
----

AID.Cre.ERT2 mice were a kind gift from Prof. Claude-Agnes Reynaud (Institute Necker-Enfants Malades, Institut National de la Santé et de la Recherche Médicale, Paris, France). NP-specific B1-8^hi^ and B1-8^lo^ mice ([@bib33]) were a kind gift from Prof. Michel Nussenzweig (The Rockefeller University, New York, NY). AID-GFP mice were generated by Prof. Rafael Casellas (National Institute of Arthritis and Musculoskeletal and Skin Diseases, National Institutes of Health, Bethesda, MD) and provided by Prof. Michel Nussenzweig. AID.Cre, Rosa26^flox-stop-flox-tdTomato^, Rosa26^flox-stop-flox-YFP^, Blimp-1-YFP, CCR6^−/−^, PA-GFP^+^, DsRed^+^, CFP^+^, GFP^+^, and MD4 transgenic mice were purchased from the Jackson Laboratory. WT mice (C57BL/6) were provided by Harlan. All experiments with mice were approved by the Weizmann Institute Institutional Animal Care and Use Committee.

Adoptive cell transfers {#s14}
-----------------------

B or T cells were purified by forcing spleen tissue through mesh into PBS containing 2% serum and 1 mM EDTA. Resting B cells were purified using anti-CD43 magnetic bead cell negative isolation kit, and T cells were purified using CD4^+^ negative isolation kit (Miltenyi). Following purification, 20--40 × 10^6^ GFP^+^ T cells or CFP^+^ B cells (as zone landmarks), or 3--5 × 10^6^ PA-GFP B1-8^hi^ (PA experiments) or 1.5 × 10^6^ B1-8^hi^ or 6 × 10^6^ B1-8^lo^ B cells (comprising 15% and 3%, respectively, Igλ^+^ NP-specific B cells; BCR affinity experiments) were transferred intravenously into host mice before immunization.

Immunizations and treatments {#s15}
----------------------------

For primary immunization, mice were injected with 25 μl PBS containing 10 μg NP~16~-OVA (Biosearch Technologies), precipitated in alum (Imject Alum; Thermo Scientific) at a 2:1 ratio, into the hind footpads. For T and B zone labeling, B and T cells were transferred 1 d before LN removal for imaging. In PA and BCR affinity experiments that involved adoptive cell transfer, priming followed by boost immunizations was performed. WT mice or MD4 mice (6--10 wk of age) were given intraperitoneal injection of 50 μg OVA (Grade V; Sigma) in PBS and precipitated in alum (Imject Alum; Thermo Scientific) at a 2:1 ratio. 2 wk after priming, B cells were transferred into recipient mice that were boosted by injection of 25 μg soluble NP~16~-OVA to the hind footpad. PA experiments were performed after 7 d, and BCR affinity experiments were performed 10 d after the boost. For imaging GC LZ, 1 μg NP conjugated to tdTomato was injected into the hind footpad ∼20 h before imaging. To activate Cre in AID.Cre.ERT2.tdTomato mice, tamoxifen in corn oil (15 mg/mouse; Sigma) was injected intraperitoneally 10 d after immunization with NP-OVA. Popliteal LNs were removed 4 d after tamoxifen or control (corn oil) injection. VSV (5 × 10^6^ PFU; a kind gift from Dr. Matteo Iannacone, San Raffaele Scientific Institute, Milan, Italy) was injected into the hind footpad 14 d before LN removal. Chicken gamma globulin (10 μg; Biosearch Technologies) precipitated in alum (2:1) was injected into the hind footpads.

Flow cytometry {#s16}
--------------

Single-cell suspensions were obtained by forcing popliteal LNs through a 70-μm mesh into ice-cold FACS buffer (EDTA 1 mM and 2% serum in PBS). Cells were incubated with 2 μg/ml anti-16/32 (clone 93) for blockage of Fc receptors for 5--10 min. Cell suspensions were washed and incubated with fluorescently labeled antibodies (B220 V500, FAS PE/Cy7, CD38 A700, CD138 BV605, CD80 APC, PD-L2 PC5.5; BioLegend) for 20--40 min. GC cells were gated as live/single, B220^+^ CD38^Lo^ FAS^Hi^. PCs were defined as B220^med^ CD138^+^. TdTomato^+^ cells were detected by the PE channel for AID.Cre.tdTomato and AID.Cre.ERT2.tdTomato. Cell suspensions were analyzed by Cytoflex (Beckman) flow cytometer.

LSFM imaging {#s17}
------------

Popliteal LNs were fixed in 1% paraformaldehyde for 1 h, followed by immersion in FocusClear (CelExplorer) for 2--7 d. Samples were imaged using a light sheet Z1 microscope (Zeiss Ltd.) equipped with two sCMOS cameras (PCO-Edge), 10× illumination objectives (LSFM clearing 10×/0.2) and Clr Plan-Neofluar (20×/1.0 Corr nd = 1.45), and detection objective dedicated for cleared samples in a water-based solution of final refractive index of 1.45. Samples were loaded into glass capillary in a 1.5% low melting agarose solution (Roth). Imaging was performed using dual-side illumination, with zoom 0.75, and multiview mode for tiling of multiple fields of view, with overlap of 10%. CFP excitation: 445; emission/detection: band pass (BP) 460--500; GFP excitation: 488; emission/detection: BP 505--545; RFP excitation: 561; emission/detection: BP 575--615.

Photoactivation and image acquisition {#s18}
-------------------------------------

A Zeiss LSM 880 upright microscope fitted with a Coherent Chameleon Vision laser was used for intravital imaging experiments. Images were acquired with a femtosecond-pulsed two-photon laser tuned to 940 nm. The microscope was fitted with a filter cube containing 565 LPXR to split the emission to a PMT detector (with a 579--631-nm filter for tdTomato fluorescence) and to an additional 505 LPXR mirror to further split the emission to 2 GaAsp detectors (with a 500--550-nm filter for GFP fluorescence). GC LZ (labeled by NP-tdTomato) or DZ (facing the paracortex and containing autofluorescent macrophages) in the popliteal LN were photoactivated at 820 nm. Tile images were acquired as 100--200-μm Z-stacks with 5-μm steps between each Z-plane. The zoom was set to 1.5, and pictures were acquired at 512 × 512 x-y resolution.

BCR sequencing {#s19}
--------------

Popliteal LNs from immunized MD4 mice were harvested and processed for flow cytometry analysis. Cell suspensions were stained for dump^−^ (CD4 APC-eFluor, CD8 APC-eFluor, GR-1 APC-eFluor, F4/80 APC-eFluor) and B220 BV605, CD38 A700, GL-7 FITC, FAS PE/Cy7, Igλ APC, IgG1 BV421, and IgM PC5.5 (BioLegend). TdTomato^+^ or DsRed^+^ B cells were detected by the PE channel. Cell sorting was performed using a FACS Aria cell sorter (BD Bioscience). GC cells were gated as live/single, B220^+^ CD38^Lo^ FAS^Hi^. GC-derived IgG1 B cells were sorted into 96 well plates containing lysis buffer (PBS with 3 U/μl RNAsin, 10 mM dithiothreitol). cDNA was purified using random primers (NEB) as previously described ([@bib43]). Nested PCR was used to amplify a segment of Igγ1 heavy chains. B1-8^hi^ or B1-8^lo^ Igγ1 clones were amplified using the outer primers F (5′-GAG​GAG​ACT​GTG​AGA​GTG​GTG​CC-3′) and R (5′-CCA​TGG​GAT​GGA​GCT​GTA​TCA​TCC-3′), followed by a second reaction with the inner primers F (5′-TGT​GCT​GGA​GGG​TTT​GTC​TAC-3′) and R (5′-TCA​CAG​TAG​CAG​GCT​TGA​GG-3′). Amplification conditions were as follows: 94°C for 5 min, 50 cycles of 94°C for 30 s, 50°C for 30 s, and 72°C for 55 s (reaction I) or 50 s (reaction II), followed by 72°C for 10 min. The PCR products were sequenced and analyzed for CDR3 using the web-based IgBlast tool. Alignment to the germline sequence was performed using SnapGene software (GSL Biotech).

Image analysis {#s20}
--------------

LSFM image dual-side fusion was performed using ZEN software (Zeiss). The independent tiles were stitched into a single image stack visualized in a volumetric mode with the rainbow color intensity gradient (for differential intensity between GCs and single cells) using Arivis Vision4D software. GC clusters with high intensities are encircled by neighboring cells with lower intensities, as the volume-rendering technique creates 3D objects from pixels based on the information about each pixel (position, size, and dimension). Quantification of GCs and individual B cells was done using Imaris software (Bitplane). First, both the GCs and the individual B cells from the same channel were segmented. The GCs were segmented by using the Imaris 3D surfaces module, and then single B cells were segmented using the Imaris spots module, after excluding the segmented GCs. When T zones and B cell follicles were marked with transferred GFP^+^ T cells and CFP^+^ B cells, the T zone was segmented as a surface based on the borders visualized by GFP^+^ labeling, and the number of individual tdTomato^+^ cells was quantified outside or within this surface, after excluding the segmented GCs. The number of B cells within a distance of 50 μm from each GC surface was quantified using Imaris Find-Spots-Close-To-Surface extension. The 50-μm analysis was based on an observation acquired by two-photon microscopy, where an area that contains rapidly moving cells that are not part of the main GC body was detected. This area is relatively small, about the diameter of five cells. To measure the number of cells in this area, a 3D sphere was created around the entire GC surface, including both the DZ and LZ, and the number of cells between the GC surface and the sphere, all around the GC, was quantified. Background subtraction was applied before segmentation to enhance the signal. The assignment of a roughness score for a GC was based on an image-processing algorithm measuring local surface curvature. Images acquired using the LSFM were analyzed by Imaris as mentioned above, and a dedicated Imaris extension was developed using MATLAB (MathWorks). Single cells outside the GC were deleted, and the curvature measurement was done only on the structure of the GC, including LZs and DZs. The presence of single cells next to the GCs did not affect this analysis. However, the presence of "budding cells" that remain in contact with the GC structure is part of the measurement. The boundary of each GC was identified by a large number of points on its circumference. For each point, a set of nearest neighbors was identified, and a plane in 3D was fitted to this set. The SD of the neighbors' distance from this plane was used as a metric for local curvature. Points in a low-roughness region (smooth) would reside close to the plane and hence lead to a small SD and a roughness grade close to 0. Conversely, in a high-curvature region, points would deviate significantly from the plane, leading to a high roughness grade. Results from all GCs in each LN were normalized to the GC with maximal roughness, leading to a scale ranging from 0 to 1. To obtain a statistically stable result, a few hundred neighbors were used. A histogram describing the distribution of local curvature was constructed, and the local roughness in the 10th percentile of all points in the GC was used for the final roughness grade.

Online supplemental material {#s21}
----------------------------

Fig. S1 shows the workflow for complete GC and single-cell analysis in intact LNs by whole-organ LSFM imaging. Fig. S2 shows that distinct immunological challenges induce GC responses that are similar to immunization with protein-conjugated hapten and that GC cells in AID reporter mice express GL-7. Fig. S3 shows GCs and single B cells in half an LN by LSFM. Fig. S4 shows the analysis of activated B cells early during the B cell response. Fig. S5 shows the Ig sequences of transgenic GC B cells. Video 1 shows LSFM imaging of a popliteal LN removed from an AID.Cre.tdTomato mouse 12 d after immunization with NP-OVA. Video 2 shows half an LN that was cut before its processing. Video 3 shows LSFM imaging of a popliteal LN removed from an AID.Cre.ERT2.tdTomato mouse treated with tamoxifen on day 10 after immunization and examined 4 d later. Video 4 shows LSFM imaging of a single GC. Video 5 shows intravital imaging of a popliteal LN 4 h after the LZ was photoactivated. Video 6 shows LSFM imaging of a popliteal LN removed from MD4 mice that received B1-8hi B cells, and Video 7 shows LSFM imaging of a popliteal LN removed from MD4 mice that received B1-8^lo^ B cells.
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